Staphylococcus aureus (S. aureus) is a major cause of health careassociated infections, including bacteremia, lower respiratory infection, skin and soft tissue infections, and surgical site infections [1] [2] [3] . Patients with S. aureus infections (either methicillinsensitive or methicillin-resistant) experience worse outcomes than uninfected patients, as measured by length of hospital stay, cost of care/hospital charges, and hospital mortality [4] .
Improved measures are urgently needed to prevent S. aureus infection, including vaccines [5] , especially as antibiotic drug resistance has led to fewer treatment options and generally more complex treatment regimens [6, 7] . An investigational S. aureus vaccine has been under development for the prevention of invasive S. aureus disease in patients undergoing orthopedic surgery, including deep or organ/space surgical site infections and bloodstream infections [8] . The investigational vaccine targets highly conserved virulence factors expressed early during infection and has been evaluated in clinical studies, initially as a 3-antigen S. aureus vaccine (SA3Ag) [9, 10] , and then as a 4-antigen S. aureus vaccine (SA4Ag) [11, 12] . SA3Ag contains capsular polysaccharide serotypes 5 and 8 (CP5 and CP8) conjugated to CRM 197 and a recombinant surface protein clumping factor A (rmClfA) that is mutated to remove the ability to bind fibrinogen. In addition to the antigens in SA3Ag, SA4Ag includes the lipoprotein manganese transporter protein C (MntC), which is expressed as a recombinant nonlipidated protein (rMntC; also known as rP305A) [11, 12] . These antigens were selected based on several criteria described by Anderson and coworkers [13] . All 4 antigens are expressed during human infection [14] and were protective in preclinical models that mimic human disease [15] . Bacteria express CPs to help them evade innate immune responses. Although CPs are not naturally immunogenic, immunogenicity is improved when conjugated to a carrier protein, and vaccination with CP conjugates can induce antibodies capable of killing bacteria [16] . S. aureus uses ClfA to bind to human fibrinogen; this is an early step in the organism establishing persistent infection. Humans do not naturally express antibodies that prevent ClfA binding; however, the ClfA antigen was designed to induce antibodies that can block this virulence mechanism [17] . MntC was discovered during a proteomics screen of antigens that are expressed in vivo [18] and is not expressed in artificial media. MntC facilitates manganese acquisition and has a role in helping S. aureus survive phagocytosis [19, 20] . By targeting MntC, antibodies prevent S. aureus from acquiring this important element and evading the host defense [21] .
Two studies of SA4Ag evaluated the immunogenicity and overall safety of a single vaccination up to 12 months postvaccination [11, 12] . Both studies found that SA4Ag was well tolerated, was not associated with vaccine-related serious adverse events, and elicited robust functional immune responses after a single vaccination, with rapidly induced, high levels of bacteria-killing antibodies and sustained immune responses observed at 12 months postvaccination. To evaluate the duration of immune responses, a serological extension study (Study B3451014) through ~36 months postvaccination was conducted. Although the SA4Ag vaccine development program is currently under evaluation due to meeting futility criteria at a prespecified interim efficacy assessment of a phase 2b clinical trial [22] , antibody persistence data may inform future studies of S. aureus vaccines.
METHODS

Study Population
The study was conducted at 12 study sites in the United States from January 2014 to April 2016 and included subjects who were enrolled in previous studies (NCT01643941 and NCT01364571) evaluating SA4Ag [11, 12] and had blood collected at both the baseline (prevaccination) and month 12 postvaccination time points. Subjects in the current extension study were asked to donate additional blood samples at approximately 24 months (visit 1) and 36 months (visit 2) postvaccination. All subjects who received SA4Ag or placebo in the primary study were considered for participation; however, the reasons why subjects declined to participate in this extension study were not collected. Due to the timing of the initiation of the extension study, in some subjects, the timing of the first sample was as late as 30 months after vaccination, whereas others only had collection of the 36-month postvaccination specimen.
Subjects were excluded from taking part in the extension study after participation in the primary SA4Ag vaccine trials if they had (1) participated in clinical studies investigating the use of immune modulators and/or non-Pfizer S. aureus/Candida vaccine studies; (2) developed a known or suspected defect of the immune system, including those receiving chronic, systemic corticosteroid therapies or those receiving immunosuppressive therapy; (3) received blood products or immunoglobulins (including monoclonal antibodies) within 6 months before a study visit; (4) developed a bleeding diathesis or condition associated with prolonged bleeding time that could affect routine blood draw; or (5) developed a severe physical or mental condition or laboratory abnormality that the investigator deemed would adversely affect the study participation, making the subject inappropriate for study entry.
The primary immunogenicity population was the evaluable immunogenicity population and included all subjects who were eligible, had blood drawn within the protocol-specified time frame, had valid and determinate assay results for the proposed analysis, and had no major protocol deviations. Subjects who had a confirmed S. aureus infection since completion of the primary study were excluded from the evaluable immunogenicity population.
The study protocol was approved by the institutional review board or the independent ethics committee for each of the study sites. The study was conducted in compliance with original or derivative ethical principles from the Declaration of Helsinki and in compliance with all guidelines of the International Council on Harmonization (ICH) Good Clinical Practice (GCP). In addition, all local regulatory requirements were followed. Written informed consent was obtained from each subject before enrollment in the study and before performance of any study-related procedures.
Study Vaccine
No vaccines were administered in this extension study. Subjects were vaccinated in the 2 primary vaccination studies [11, 12] with a single intramuscular dose of 1 of the 3 formulations of SA4Ag, with placebo, or with SA3Ag-a formulation without rMntC used only in the study for subjects 65-85 years of age [12] . The 3 formulations of SA4Ag and the single formulation of SA3Ag included fixed-dose CP5-CRM 197 , CP8-CRM 197 , and rmClfA (30 μg, 30 μg, and 60 μg, respectively). SA4Ag also included rMntC at 20 μg (low-dose SA4Ag), 60 μg (mid-dose SA4Ag), or 200 μg (high-dose SA4Ag).
Study Assessments
Immunogenicity
The primary studies were unblinded as planned on completion; thus, in this extension study, the subjects, investigators, and study site staff were unblinded. However, immunogenicity assays were performed by laboratory staff unaware of the study vaccine received by the subject.
Immunogenicity was assessed at baseline (prevaccination), day 29, month 12, month 24/30, and month 36 postvaccination.
Serum samples of baseline, day 29, and month 12 time points were collected from the primary studies but were reassessed using the current validated assays to allow evaluation of the immune response kinetics from vaccination through month 36.
Five assays were performed at each blood sampling time point to assess the immune response to the vaccine [11, 12] . Functional immune responses (antibody responses that facilitate the killing of S. aureus or neutralize S. aureus virulence mechanisms) were assessed using validated opsonophagocytic activity (OPA) killing assays using CP5-or CP8-expressing S. aureus strains [16] and using the qualified fibrinogen-binding inhibition (FBI) assay [17] for ClfA. Responses to ClfA and rMntC were measured using a validated multiplex competitive Luminex immunoassay (cLIA) [14] .
Qualified OPAs were used to measure functional antibodies specific to CP5-or CP8-expressing strains of S. aureus [16] in human sera. Human test serum was serially diluted 2-fold and added to microtiter assay plates. Live target bacterial strains (CP5 or CP8) were added to the wells, and the plates were shaken at 4°C for 30 minutes. Differentiated HL-60 cells (phagocytes) and baby rabbit serum (complement source) were added to the wells, and the plates were shaken at 37°C for 60 minutes. After these incubations, an aliquot of assay reaction from each well was transferred to filter plates to enumerate surviving bacteria. The filter plates were incubated overnight at 37°C to allow bacterial colonies to form. After incubation, the plates were fixed, and the colonies were stained with Coomassie blue stain. Colonies were imaged and counted using CTL ImmunoSpot readers. Raw colony counts were used to plot kill curves and calculate OPA titers. The OPA titer is defined as the reciprocal dilution that results in a 50% reduction in bacterial count compared with control wells without test serum. The OPA titer is interpolated from the 2 dilutions that encompass this 50% killing cutoff. The reported OPA titer is the geometric mean of 2 replicate OPA titers.
A qualified FBI assay was used to measure functional clumping factor A (ClfA)-specific immunoglobulin in human sera [17] . The FBI assay measures the ability of anti-ClfA antibodies to prevent the binding of live ClfA-expressing S. aureus isolates to plate-immobilized human fibrinogen. Briefly, 2-fold serial dilutions of human test serum were incubated with a fixed amount of live bacteria with shaking at 37ºC for 30-60 minutes. The opsonized bacteria were then added to plates precoated with human fibrinogen and incubated at 37ºC for 60 minutes. After subsequent washing steps, the amount of live bacteria bound to the immobilized fibrinogen was detected by incubation with BacTiter-Glo detection reagent at 37ºC for 15 minutes. After incubation, assay plates were read using a luminometer. The FBI assay titer is defined as the reciprocal dilution that results in 75% inhibition of bacterial binding, compared with the average binding observed in control wells without test serum.
As noted above, a qualified cLIA was used to measure antibody responses to ClfA [17] and rMntC [21] in human serum. Briefly, antigen-coated microspheres were incubated overnight with appropriately diluted serum samples, controls, and reference standard serum. A mixture of phycoerythrin-labeled ClfA and r305-specific mouse monoclonal antibodies were then added to the microsphere/serum mixture, and after a 2-hour incubation, the unbound components were washed off using a magnetic bead washer. The magnitude of the fluorescence signal allowed for measurement of the antibody bound to the antigen-coated microspheres by the Bio-Plex reader. Raw data were expressed as median fluorescence intensities and read against a reference standard.
Safety
Adverse events (AEs) occurring within 48 hours of the immunogenicity blood draw were recorded. Serious AEs (SAEs) considered by the investigator to be possibly vaccine-related were reported as a part of follow-up from the primary studies.
Immunogenicity End Points
At each time point, the following analyses were performed: (1) proportions of subjects achieving titers greater than or equal to predefined threshold criteria that were considered potentially biologically relevant, based on prior clinical studies and animal models, as previously described [11, 12] (for the OPA assays, the thresholds were ≥1000 for CP5-CRM 197 and ≥2000 for CP8-CRM 197 ; for rmClfA, the threshold was greater than or equal to the lower limit of quantitation [LLOQ; 121] based on the FBI assay; for rMntC, it was greater than or equal to the LLOQ [128.00] based on the cLIA); (2) geometric mean titers (GMTs) for functional antibody assays (including OPA for CP5/CP8 and FBI for ClfA) and antigen-specific cLIA titers (for ClfA and rMntC); and (3) geometric mean fold rises (GMFRs) from baseline (prevaccination) for each antigen (measured by OPA, FBI, or cLIA).
Statistical Analysis
This study did not test a hypothesis; instead, descriptive statistics were compiled and analyzed. For each time point in each assay, GMTs were calculated by log-transforming assay values, calculating means, then exponentially converting the means to return them to the original scale. For values below the LLOQ, the value used was half the LLOQ of the specific assay. The 95% confidence intervals (CIs) were determined through backtransformations of the confidence limits computed for the mean of the logarithmically transformed assay data based on the Student t distribution.
RESULTS
Participants
Four hundred forty (440) of the 737 subjects vaccinated in the primary studies were enrolled (Table 1) . Of the 454 subjects in the initial study of 18-64-year-olds [11] , 255 (56%) participated in the extension study, and 185 of the 283 (65%) subjects aged 65-85 years also participated [12] .
Thirty-six of the 420 subjects who enrolled at visit 1 withdrew from the study before visit 2, and 20 subjects who missed visit 1 were enrolled at visit 2. None of the subjects withdrew for safety-related reasons.
The demographics of the older cohort (65-85-year-olds) were comparable to the primary study [12] ; however, subjects from the younger cohort (18-64-year-olds) were slightly older, with more female and more white subjects compared with the primary study population [11] . In this follow-up study, more female than male subjects were enrolled (61.6% and 51.9% in the younger and older cohorts, respectively), and the majority of subjects were white (83.5% and 91.9% in the younger and older cohorts, respectively). The mean age at vaccination was 46.3 years in the total younger cohort and 70.7 years in the total older cohort; the mean age in each cohort was similar across active vaccine and placebo groups. The mean age at enrollment was 48.5 years in the total younger cohort and 72.7 years in the total older cohort; the mean age in each cohort was similar across the active vaccine and placebo groups (Supplementary Table 1 ).
Immunogenicity
Overall, 94.9% (242/255) and 96.2% (178/185) of subjects were included in the evaluable population in the younger and older cohorts, respectively. In all SA4Ag groups, rapid and substantial increases in OPA, FBI, and cLIA GMTs for all 4 antigens were observed at day 29 postvaccination, with dosedependent cLIA GMTs observed for rMntC [11, 12] . In comparison to the gradual declines of OPA, FBI, and cLIA GMTs for all 4 antigens observed through month 12 postvaccination [11, 12] , a lower rate of decline was observed for all 4 antigens from month 12 to month 36 (Figure 1 ), indicating sustained immune responses. Although GMTs for rMntC declined from month 12 to near baseline and placebo levels at month 36, they remained higher at month 36 than at baseline in both age cohorts in all SA4Ag groups (Figure 1) , as the lower bounds of the GMFRs were above 1 for all subjects: 1.2-1.5 in the younger cohort and 1.1-1.4 in the older cohort (data not shown).
In the high-dose SA4Ag group, the CP5, CP8, and ClfA GMTs at 36 months postvaccination were well above baseline (Table 2) , with GMFRs from baseline to month 36 ranging from 2.7 to 8.1 (Table 3) . GMFRs for CP5 (OPA), CP8 (OPA), ClfA (FBI), and ClfA (cLIA) were 8.1, 4.5, 3.9, and 4.4 in the younger cohort, respectively; these were 6.3, 4.3, 2.7, and 4.0 in the older cohort, respectively (Table 3) . For rMntC, the GMTs at 36 months postvaccination remained higher than at baseline in both age cohorts (Table 2) , with GMFRs from baseline to month 36 of 1.8 in the younger cohort (95% CI, 1.5-2.1) and 1.5 in the older cohort (95% CI, 1.2-1.8) ( Table 3) . c Forty-three subjects were enrolled at month 30.
In the high-dose SA4Ag group, the proportions of subjects achieving predefined OPA threshold functional response criteria for CP5 and CP8 at month 36 ranged from 81.8% to 97.9% in both age cohorts (compared with 2.9%-35.3% of placebo recipients). In the younger cohort, the proportions were 97.9% and 87.5%, respectively; in the older cohort, the proportions were 88.2% and 81.8%, respectively (Figure 2 ). The proportion of subjects achieving predefined FBI threshold functional response criteria for ClfA at month 36 was 73.5% in the younger cohort, and it was 50.0% in the older cohort (compared with 2.0% and 0.0% of placebo recipients in those cohorts, respectively) ( Figure 2 ). Nearly all subjects (>90%) achieved the predefined cLIA threshold for rMntC at all time points from baseline to month 36 in both cohorts, including placebo recipients (Figure 2) . The threshold for cLIA results was set at the LLOQ of the assay, which was determined based on assay performance (assay linearity and precision); this threshold is relatively low, and thus the immune responses elicited by rMntC, as shown by substantial rises in Geometric mean titer The evaluable immunogenicity population included all subjects who were eligible, had no confirmed Staphylococcus aureus infection since completion of the primary study, had blood drawn within the protocol-specified time frame, had valid and determinate assay results for the proposed analysis, and had no major protocol deviations. b Vaccine groups labeled low-dose, mid-dose, and high-dose SA4Ag refer only to differences in rMntC levels (20 μg, 60 μg, and 200 μg, respectively). CP5-CRM 197 , CP8-CRM 197 , and rmClfA levels (30 μg, 30 μg, and 60 μg, respectively) are the same in each SA4Ag dose level and in SA3Ag. Abbreviations: ClfA, surface protein clumping factor A; cLIA, competitive Luminex immunoassay; CP5, capsular polysaccharide serotype 5; CP8, capsular polysaccharide serotype 8; FBI, fibrinogen-binding inhibition; OPA, opsonophagocytic activity; rMntC, recombinant manganese transporter protein C; SA3Ag, Staphylococcus aureus 3-antigen vaccine; SA4Ag, S. aureus 4-antigen vaccine. Table 2 . The evaluable immunogenicity population included all subjects who were eligible, had no confirmed S. aureus infection since completion of the primary study, had blood drawn within the protocol-specified time frame, had valid and determinate assay results for the proposed analysis, and had no major protocol deviations. (Tables 2 and 3) , were not able to be demonstrated by the threshold analysis, due to the high proportions of participants with assay results above threshold at baseline.
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Safety
No AEs were reported in the 48 hours after each blood draw. No vaccine-related SAEs were reported up to month 36 postvaccination.
DISCUSSION
The current study demonstrated that antibody levels at 3 years after single-dose vaccination with SA4Ag remained above prevaccination levels in adults 18 to 85 years of age. The robust functional immune responses elicited against key S. aureus virulence mechanisms were demonstrated by OPA killing assays (>80% of subjects achieved predefined OPA titer thresholds at 36 months) and functional antibody responses to ClfA above the FBI predefined threshold in most subjects. Responses to the fourth antigen (rP305A or rMntC) had substantially declined at 36 months; however, the GMTs remained above baseline level in both age groups.
Increased age may impact vaccine immunogenicity and efficacy; for influenza vaccines, this has led to the development of high-dose influenza vaccine formulations to increase vaccine efficacy in the elderly [23] . However, immune responses to vaccines are not necessarily impaired in older age, as demonstrated by durable immune responses in the elderly in this study and in the primary SA4Ag study by Creech et al. [12] . Similarly, protective responses of licensed vaccines in older age have The evaluable immunogenicity population included all subjects who were eligible, had no confirmed Staphylococcus aureus infection since completion of the primary study, had blood drawn within the protocol-specified time frame, had valid and determinate assay results for the proposed analysis, and had no major protocol deviations. Vaccine groups labeled low-dose, mid-dose, and high-dose SA4Ag refer only to differences in rMntC levels (20 μg, 60 μg, and 200 μg, respectively). CP5-CRM 197 , CP8-CRM 197 , and rmClfA levels (30 μg, 30 μg, and 60 μg, respectively) are the same in each SA4Ag dose level and in SA3Ag. c For rMntC, the threshold for cLIA results was set at the lower limit of quantitation of the assay, which was determined based on assay linearity and precision; this threshold is relatively low, and thus the immune responses elicited by rMntC were not able to be detected due to the high proportions of participants with assay results above the threshold. Abbreviations: ClfA, surface protein clumping factor A; cLIA, competitive Luminex immunoassay; CP5, capsular polysaccharide serotype 5; CP8, capsular polysaccharide serotype 8; FBI, fibrinogen-binding inhibition; OPA, opsonophagocytic activity; rMntC, recombinant manganese transporter protein C; SA3Ag, Staphylococcus aureus 3-antigen vaccine; SA4Ag, S. aureus 4-antigen vaccine.
been reported. For example, large phase 3 studies of a herpes zoster vaccine have shown comparable efficacy against herpes zoster across 3 age groups (50-59, 60-69, and ≥70 years of age) [24] and no difference in vaccine efficacy in participants 70-79 (90.0% efficacy) and ≥80 years of age (89.1% efficacy) [25] .
There are many potential indications for an S. aureus vaccine, given the spectrum of disease and various populations at risk [26] . However, elective surgery represents a priority population due to the relatively high incidence of disease [27] , a well-defined risk period (the time of surgery) [5, 7] , and the opportunity to vaccinate before the period of risk. SA4Ag efficacy has been undergoing efficacy assessment in a randomized placebo-controlled study among patients undergoing elective instrumented spinal fusion surgery (ClinicalTrials.gov identifier NCT02388165). Recently, this clinical trial ceased enrollment due to meeting its prespecified futility criteria at an interim efficacy analysis in December 2018 [22] ; however, there were no safety concerns. Investigation is currently underway to understand these results in the elective spinal surgical population evaluated. Other investigational S. aureus vaccines are under development, including other candidates that share antigens with SA4Ag (eg, CP5, CP8, and ClfA) [28] . The antibody persistence results we present in this healthy population are therefore relevant to the S. aureus vaccine development field. Given the substantial burden of health care-and communityassociated disease, there remains an unmet medical need to develop a vaccine to prevent S. aureus disease. Further research into humoral and cell-mediated immune responses to S. aureus antigens is critical to support ongoing vaccine development.
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